The rate of bacterial photoinactivation in plasma by methylene blue (MB), especially for Gram-negative bacteria, has been reported to be lower, by about an order of magnitude, than the rate of inactivation in PBS and water solutions. This low inactivation rate we attribute to the bleaching of the 660-nm absorption band of MB in plasma that results in low yields of MB triplet states and consequently low singlet oxygen generation. We have recorded the change of the MB 660-nm-band optical density in plasma, albumin, and cysteine solutions, as a function of time, after 661-nm excitation. The transient triplet spectra were recorded and the singlet oxygen generated in these solutions was determined by the rate of decrease in the intensity of the 399-nm absorption band of 9, 10anthracene dipropionic acid. We attribute the bleaching of MB, low singlet oxygen yield, and consequently the low inactivation rate of bacteria in plasma to the attachment of a hydrogen atom, from the S-H group of cysteine, to the central nitrogen atom of MB and formation of cysteine dimer.
ADPA | photoinactivation deficiency | Leuco methylene blue | electrophilic attack | transient spectroscopy E ven though infections from bacterially contaminated plasma are thought to be very few (1) and the frequency of patient sepsis caused by transfusion of blood contaminated by bacteria is as low or less than the transfusion-associated hepatitis C virus infection (2) , the possibility of such infection cannot be entirely discounted in view of the fact that new or even more resistant strains of known bacteria are being encountered. To a large extent, pooled human plasma is sterilized by the solvent-detergent method (3) (4) (5) , whereas single-donor human plasma is often decontaminated by methylene blue (MB) photoexcitation, which generates reactive oxygen species that safely inactivate many viruses (6, 7) . However, several Gram-positive and especially Gram-negative bacteria are found to be very resistant to photoinactivating agents such as porphyrins and thiazine dyes, possibly because the outer walls of Gram-negative bacteria, such as Serratia marcescens (SM), are composed of negatively charged lipopolysaccharides, which are resistant to photoinactivation by these dyes (8) .
Gram-positive bacteria and several Gram-negative bacteria are relatively easily inactivated, especially in high-pH MB-PBS solutions, after irradiation with 661-nm light for a rather short period, i.e., 10 min (9). Gram-negative bacteria usually require longer exposure times for inactivation. Table 1 lists the time required for the inactivation of two representative bacteria, coagulasenegative Staphilcocci, CoNS (Gram-positive) and SM (Gramnegative). Inactivation of bacteria dispersed in PBS at pHs 7 and 9 occurs within 20 min or less; however, note that when the same concentration of bacteria, 10 7 /mL, was dispersed in a solution of human plasma containing 2 × 10 −5 M MB and irradiated with the same photon flux of 6.8-mW, 661-nm light-emitting diode (LED) light, the inactivation rate was found to be an order of magnitude lower than that of the same bacteria in PBS and saline water solutions (10). This inactivation deficiency, observed in plasma, cannot be attributed to the decrease in light intensity due to absorption or scattering, because the fresh human plasma used is clear and neither absorbs in the 661-nm excitation wavelength region nor scatters the LED light. Singlet oxygen is the dominant active species responsible for the photoinactivation of bacteria (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , with MB being the primary photosensitizing agent used for the generation of singlet oxygen and the sterilization of plasma (22) (23) (24) (25) (26) (27) . To that effect we investigated possible reactions between plasma and MB that may be responsible for decrease in singlet oxygen generation that would explain the low bacteria inactivation rate in plasma.
The data presented show that the 660-nm absorption band of MB is bleached when MB solutions in plasma, albumin, or cysteine are excited with 661-nm LED light, but not those of MB γ-globulin or fibrinogen solutions ( Fig. 1 ). The amount of singlet oxygen generated in MB-plasma, MB-albumin, and MB-cysteine solutions is found to be drastically less than that in MB-PBS solutions. A mechanism for the bleaching of MB in plasma is proposed based on the attachment of H atoms, from the S-H group of cysteine to the central nitrogen atom of MB, that destroys the MB ring conjugation (Scheme 1), thus initiating bleaching of the 660-nm MB absorption band, where RSH is cysteine and RSSR is the cysteine dimer, cystine.
Results and Discussion
When MB dissolved in aqueous or PBS solutions is excited into its first excited singlet state ( Fig. 2 ), it decays with nanoseconds lifetime to the first excited triplet state, 3 MB*, reaction 1 (28). The absorption band of the triplet state, 3 MB*, located in the 11,400-cm −1 region (10, 28, 29), (Fig. 2 ) has been determined by means of picosecond spectroscopy and computer calculations to decay in oxygen-free and oxygenated solutions, with rates of 2.7 × 10 9 s −1 and 1 × 10 9 s −1 , respectively (28, 30, 31) . The triplet state, in turn, may transfer its energy to ground-state triplet oxygen, 3 O 2, promoting the formation of excited singlet oxygen, 1 O 2 ( 1 Δ g ), reaction 2 (21, 29). The 1 O 2 singlet oxygen lifetime is reported to be 3 and 53 μs in H 2 O and D 2 O, respectively (32) . Because of its high reactivity, about 100-Å free mean reaction path (33, 34) , singlet oxygen reactions with bacteria are most efficient when the singlet oxygen photogenerating molecule is in contact Significance Human plasma is often decontaminated by methylene blue (MB) photoexcitation; however, the rate of bacterial photoinactivation in plasma has been found to be lower by about an order of magnitude than that in PBS or water. We attribute this low inactivation rate to the bleaching of the 660-nm band of MB by the electrophilic attack of the S-H group of cysteine on the central nitrogen atom. Further investigations are aimed at the development of means that prevent bleaching of MB and allow its photoinactivation of bacteria and other pathogens. or very close to the bacteria wall. The formation of singlet oxygen is shown in this paper to be diminished when MB in plasma solution was excited with 661-nm LED light.
Solutions of 2 × 10 −5 M MB in plasma and PBS were illuminated with 661-nm LED light and the change in the optical density (OD) of the 663-nm MB absorption band was recorded as a function of irradiation time and is displayed in Fig. 1 . Fig. 1 also shows similar experimental data for the decrease of the 663nm-band OD vs. time for MB-albumin and MB-cysteine solutions. Comparison of the MB 663-nm absorption band bleaching in these four MB solutions shows that in MB-PBS solution the 663-nm OD hardly changes, whereas in the other three solutions MB bleaches within a few minutes. These data suggest that a plasma component, quite possibly cysteine, interacts with the excited MB to form a leuco-type MB (LMB) molecule. It was also found that the 288nm MB absorption band decreases during the bleaching of MB in cysteine solutions, whereas the ∼250-nm absorption band of cystine is formed (Fig. 3 ). The net result is a decrease in the 664-and 288nm MB absorption OD and an increase in the 250-nm cystine absorption OD (Fig. 4) . The increase in the 250-nm absorption band OD is attributed to cystine, the dimeric form of cysteine, which is formed by the oxidation reaction of cysteine with MB (Scheme 1). Ultrafast time-resolved MB triplet-state spectra showed that bleaching of MB inhibits the formation of MB triplets, in agreement with previous reports (10, 28) . These studies also showed that the intensity of the ∼845-nm MB transient triplet-state spectra in plasma, albumin, and cysteine decreased by more than a factor of 2 compared with those in PBS and water solutions, (Fig. 2) during 661-nm irradiation.
The decrease in MB triplet formation implies that the amount of singlet oxygen generated should also be lower in the plasma, albumin, and cysteine solutions than in water or PBS. The change of 9,10-anthracene dipropionic acid(ADPA) 378-and 399-nm absorption bands (Fig. 5 ) is due to the reaction of ADPA with singlet oxygen, 1 O 2 ( 1 Δ g ), to form endoperoxide, ADPA-O 2 (32), Scheme 2. Because the endoperoxide does not absorb in the 350-450-nm region, where ADPA exhibits three absorption bands, the decrease in the ADPA 399-nm absorption band OD is a direct measure of amount of singlet oxygen generated in the solution, reaction 3 (35): Cysteine, albumin, plasma, and ADPA do not absorb in the 660-nm spectral region where MB is excited; therefore, solutions of these molecules with MB and ADPA would be expected to generate equal amounts of singlet oxygen, unless they react with MB or ADPA in a manner that inhibits the formation of singlet oxygen. Spectroscopic measurements confirm that the ADPA spectrum is not altered or decreased after the addition of albumin, cysteine, or plasma to the MB-ADPA-PBS solution and no reaction was found to take place in the absence of irradiation.
In oxygen-free solutions, i.e., nitrogen-saturated MB-ADPA solutions, endoperoxide was not formed but the intensity of the 399-nm ADPA absorption band decreased by <10%, after 661-nm irradiation, owing to the reaction of ADPA with the MB excited triplet state. However, energy transfer from the MB triplet state to the ADPA triplet state is not favored because the 11,500-cm −1 MB triplet state lies below the ADPA triplet-state band located at 14,500 cm −1 (32) . Therefore, to a very large extent, the slope of the ADPA 399-nm OD decay versus irradiation time is proportional to the amount of singlet oxygen generated, and the ratio of the slopes, measured in the four solutions, provides a measure of the relative yield of singlet oxygen in each of these solutions (35, 36) .
Solutions of 2 × 10 −5 M MB-ADPA solution in plasma and PBS were irradiated with 661-nm monochromatic LED light and the decay of the 399-nm ADPA absorption band was recorded as a function of irradiation time (Fig. 6 ). The slopes of the ADPA absorption band decay curves in MB-PBS and MB-plasma solutions were calculated to be 1.1 × 10 −2 ·s −1 and 1.1 × 10 −3 ·s −1 , respectively, and the ratio of the PBS to plasma slopes was 10, which implies that the amount of singlet oxygen generated under identical conditions in plasma is an order of magnitude less than the amount of singlet oxygen generated in PBS or water solutions.
We proceeded further to determine which plasma component is responsible for the observed low singlet oxygen production in plasma. To that effect, we performed similar experiments using solutions of MB-ADPA with the addition of 3 × 10 −5 M of each of the three major plasma proteins: fibrinogen, γ-globulin, and human serum albumin. Fibrinogen and γ-globulin displayed practically the same 399-nm OD ADPA decay kinetics, after illumination with the 661-nm LED, as the MB-ADPA-PBS solution. However, when human serum albumin-MB-ADPA-PBS solution was irradiated with the same 661-nm LED beam, the 399-nm ADPA absorption band was found to decay with a rate of 1.2 × 10 −4 ·s −1 , which is much slower than the rate measured for PBS and even plasma solutions (Fig. 6 ). The ratio of the slopes of PBS to albumin solutions was found to be 92, indicating that the amount of singlet oxygen generated in albumin-MB solutions is about 100× smaller than in PBS-MB solutions. Albumin is a large protein molecule composed of several distinct components, including cysteine amino acid. Because cysteine contains a S-H group which may react with MB, we studied the effect of cysteine on both the bleaching of MB, discussed and depicted in Fig.1 , and also on its influence in the generation of singlet oxygen by MB excited with the 661-nm LED light. To that effect, 1 × 10 −5 M cysteine added to the MB-ADPA-PBS solution was irradiated with the same photon flux of 661-nm LED beam as the other solutions. The decay of the 399-nm ADPA band OD, shown in Fig. 6 , is calculated to be 6.7 × 10 −4 ·s −1 and the ratio of the PBS to cysteine slopes is found to be 14. These data suggest that MB-PBS solutions generate more than one order of magnitude more singlet oxygen than MB-cysteine solutions under the similar experimental conditions. Because the concentrations of MB and ADPA are the same in all solutions and the irradiating photon fluxes are equal, we attribute the differences in the ADPA 399-nm decay slope to the reaction of cysteine with MB.
We propose that excited MB reacts with cysteine, causing the abstraction of the electrophilic H atom of the S-H group and its attachment onto the central nitrogen atom of the excited MB molecule, thus destroying the conjugation of the MB ring structure (Scheme 3) and resulting in the observed strong bleaching of the 660-nm MB absorption band and formation of a leuco-type MB. The bleaching inhibits formation of MB triplet states and singlet oxygen in these solutions and consequently is the reason for the observed much lower inactivation rates of bacteria in plasma compared with that in PBS solutions. Electron abstraction that involves the MB radical, which is an electron donor, and the thiol, which is a rather strong electron acceptor, is also possible. In addition, electron transfer from the RS − group to form MB − , the conjugate base of the acidic leuco-MB, cannot be discounted.
Assuming that the bacteria inactivation process proceeds via oxidation of the bacteria wall by singlet oxygen that leads to the destruction of DNA, the data presented provide a plausible mechanism and explanation for the observed very low rate of bacteria photoinactivation in plasma. The data presented also show that the amount of singlet oxygen formed in plasma is an order of magnitude lower than the amount generated in water or PBS solutions, which is in agreement with previously published data on MB triplet-state formation in plasma (10) . In addition, we show that the attachment of the H atom from the S-H group of cysteine is quite possibly responsible for the MB bleaching and the low rate of bacteria inactivation in plasma. It will be, therefore, interesting and rather important for the efficient photoinduced inactivation of pathogens in plasma to use a molecule that binds onto the cysteine component of the human plasma, thus preventing the electrophilic attack of the S-H group of cysteine on the central nitrogen atom of MB, and henceforth allows MB to generate the same amount of singlet oxygen in plasma as is generated in water or PBS solutions. We are investigating such chemicals and photochemical processes, restricted to molecules that do not denature human plasma.
Materials and Methods
Plasma was obtained from the blood bank as commercially available pooled human plasma, no longer useful for human administration. It was kept refrigerated and the procedure was performed with the approval of the Institutional Review Board. MB, albumin, and cysteine were purchased from Sigma-Aldrich and used without further purification. As shown in Fig. 2 , 2 × 10 −5 M MB dissolved in water or PBS consists mostly of monomers evidenced by the absence of the short wavelength shoulder, ∼612 nm, in the 660-nm absorption band. Plasma or PBS were mixed with 2 × 10 −5 M MB-distilled water solution and their absorption spectra were recorded with a Shimatsu 1600 UV spectrophotometer, using 1-cm optical path-length quartz cells, unless stated otherwise. Two-mL samples were placed in open quartz cuvettes and irradiated for a preselected period with 6.8-mW, 661-nm monochromatic LED light. The solutions were kept at ∼4°C and irradiated in cuvettes placed on ice. The absorption spectra of the irradiated samples were also recorded and the 663-nm OD decrease was calculated and plotted in Fig. 1 . Subsequently, 1 mL of 1 × 10 −4 M ADPA was added to each solution and the relative amount of singlet oxygen generated in each solution was determined by recording the decrease in the 399-nm absorption band OD of ADPA as a function of 661-nm irradiation time as shown in Fig. 6 . The slope of the 399-nm OD decay curve is a measure of the amount of singlet oxygen generated and the ratio of the slopes between two solutions is a measure of the relative amount of singlet oxygen generated in each solution (32) .
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